The present study in cats investigates the ef fect of cervical sympathetic stimulation on changes of di ameter of pial arteries and veins, CBF, and intracranial pressure (ICP) using the cranial window and hydrogen clearance techniques. During 20 min of bilateral stimula tion, pial arteries maximally constricted by 12%, veins by 13-15%. While the constriction of the large arteries re mained stable during the whole 20-min period of bilateral stimulation, small arteries escaped after some 2 min. A similar though weaker trend was noted for the veins. CBF was reduced at 2 min by 31 %, and was not different from resting at 18 min. Contralateral stimulation for 20 min induced early constriction only in small arteries, while all other vessels remained more or less unreactive.
Histochemical demonstration of sympathoadren ergic nerve fibers in the walls of cerebral arteries and veins stimulated the discussion concerning a functional role of this neural system (Edvinsson et aI., 1983a,b) . Moreover, the constrictive responses of pial veins (Edvinsson et aI., 1982; Ulrich et aI., 1982) and arteries to perivascular microapplication of norepinephrine suggested a potential regulatory importance of the sympathoadrenergic system. Under normal resting conditions of anesthetized animals, pial veins constricted in response to 90-s cervical sympathetic stimulation more than arteries (Auer et aI., 1981) , which induced a decrease in in tracranial pressure (ICP) and cerebral blood volume (Edvinsson et aI., 1972) . Discrepant findings in the response of CBF rial collaterals that bring sympathetic fibers mainly to small arteries contralaterally. ICP was lowered initially by 47 ± 12% during bilateral and by 23 ± 5% during contralateral stimulation. ICP escaped after 2 and 5 min during bilateral and contralateral stimulation, respec tively, and even started to rise after some 10 min. From these data, it is concluded that the sympathoadrenergic system exerts a short-lasting protective effect upon cere bral vascular volume. Small arteries escape from con striction as a consequence of primarily myogenic coun teraction of pial and intraparenchymal vessels, and prob ably additional metabolic dilatation of intraparenchymal vessels. Key Words: Cerebral blood volume-Cerebral circulation-Escape phenomenon-Pial vasoconstric tion -Sympathetic stimulation.
after various periods of cervical sympathetic stimu lation (Kobayashi et aI., 1971; D'Alecy and Feigl, 1972; Heistad et aI., 1978) and Sercombe et aI.' s observations (1979) brought an "escape phenom enon" into the discussion: Amano et aI. (1983) and U ematsu et aI. (1985) ascribed this fading of the ini tial sympathoadrenergic cerebral vasoconstriction to a metabolic effect.
The present experiments were performed to es tablish whether an intraparenchymal metabolic re sponse or a myogenic response is responsible for the escape phenomenon, and to observe differences in vessel behavior between unilateral and bilateral cervical sympathetic stimulation.
MATERIALS AND METHODS
Experiments were performed in two groups of adult cats with a body weight of 1.3-2. 9 kg. Anesthesia was induced with 30 mg kg -1 i. v. sodium pentobarbital and continued by controlled ventilation with 3: 1 N20/02 through an endotracheal tube; pancuronium bromide was given in an initial dose of 60 fJ.. g kg-1 i. v. and repeatedly as required. The left femoral artery and vein were cannu lated with polyvinylchloride (PVC) catheters. Mean sys-temic arterial pressure (MAP) was continuously moni tored by attaching the femoral catheter to a Statham P23Db pressure transducer and Hellige type 1214 elec tromanometer; MAP was recorded on a Rikadenki six channel penwriter together with other parameters. PaOZ, p.coz, pH, and bicarbonate levels were frequently checked in arterial blood samples from the femoral cath eter; in addition, end-tidal COz was monitored with a Draeger capnolog. Body temperature was controlled using a Philips rectal thermometer and maintained be tween 37 and 38°C by a heating pad. ECG and heart rate were monitored with a Philips system. With the animal in sphinx position and the head mounted into a stereotaxic holder, a cranial window was made in the left parietal region with a hand-driven drill of lO-mm diameter. The dura was opened, reflected, and coagulated with micro surgical techniques. The bony window was finally closed with a cover glass and sealed with Histoacryl (Braun Melsungen, G.ER.) (Auer, 1978) . Variations in pial arte rial vessel diameters were observed using a Leitz intra vital microscope with an Ultropak objective at 80-fold magnification and continuously recorded by a multi channel videoangiometer (Auer and Haydn, 1979) . Under normal steady-state conditions, PaCOZ was elevated by adding COz to the respired gas mixture, and a normal ce rebrovascular response was expected as conditio sine qua non for continuation of the experiment (Auer, 1978) .
ICP was monitored via a PVC cannula in the cisterna magna attached to a Statham P23Db transducer and a Hellige type 1214 electromanometer. Regional CBF was measured in six cats of group I and in three cats of group 2 by the hydrogen clearance technique (Aukland et aI., 1964; Symon et al., 1974) : Three Teflon-coated 50-fLm platinum wires were inserted into the cerebral cortex in the cranial window and guided extracranially through furrows made in the parietal bone under the glass window. Measurements were performed twice in these animals. For the first measurement, Hz exposure was started 5 min before the onset of stimulation, and the washout was observed during min 2 and 6 of stimulation; the result is indicated in Ta ble 2 as the 2-min value. For the second measurement, Hz saturation was started at II min of stimulation; washout was observed between min 18 and 23, and is indicated at the 18-min value.
The cervical sympathetic nerve was exposed bilater ally or contralaterally to the cranial window, cut, and mounted on bipolar silver electrodes isolated in a plastic tube. Stimulation was performed with a HSE stimulator P with square-wave impulses of lO-ms at 15 Hz and 1-10 V.
The effect of stimulation was checked by observing my driasis and retraction of the nictitating membrane.
In group 1 (six animals), both sympathetic nerves were stimulated for 20 min, and parameters were observed for a further 5 min after stopping stimulation. In group 2 (six animals), contralateral sympathetic stimulation consisted of 20-min sympathetic stimulation of the cervical sympa thetic nerve contralateral to the cranial window.
Throughout the experiments, MAP remained within normal limits of 89-134 mm Hg. P aOZ was maintained be tween 89 and 157 mm Hg (mean 106 ± 2 SEM mm Hg); p.coz remained between 27 and 36 mm Hg (mean 31 ± 0.3 SEM mm Hg).
Observations of pial vessel diameter changes were per formed on three vessel portions below and above the 100-fLm resting caliber of arteries and veins, respectively.
From the individual diameter traces (Auer and Haydn, 1979) , the percentage changes were evaluated at intervals of I min. The time that each individual vessel requires to reach a maximal response and the maximum itself do not become apparent in this mode of data presentation; therefore, as additional information, the maximal re sponse of each individual vessel was measured. This maximum occurred at a different time in each vessel. The mean percentage value of maximal responses was calcu lated for each group of vessels, as well as the mean time interval from onset of stimulation (Table 1) . Statistical calculations were performed using the Mann-Whitney U test and the Wilcoxon rank sum test.
RESULTS

Group 1 (bilateral stimulation)
Within the first 2 min of bilateral stimulation, large and small pial arteries constricted by 5 and 7%, respectively. Thereafter, large arteries uni formly continued to constrict within the first 6 min of stimulation, and maintained their constricted state during the 20 min of stimulation ( Fig. 1, left) . By contrast, small arteries returned to baseline until 10 min of stimulation; thereafter, a second phase of constriction started to reach a second min imum at 15 min; finally, the baseline was regained at 20 min. On discontinuation of stimulation, a phase of minor dilatation was noted.
Small and large pial veins showed little if any dif ference in their prompt 5-10% constrictive re sponse to stimulation ( Fig. 1, right) ; i.e., the clearly different behavior between small and large vessels, as seen in the arteries after 2 min, is missing in the veins. On the other hand, a certain synchronicity of caliber changes can be observed in small arteries and all veins, though with widely differing ampli tudes: a minimum after �2 min, maximum at �5 min, second minimum between 6 and 7 min, max imum at �10 min, minimum at �15 min. When maximal constriction and time interval to maximum were evaluated in each single-vessel portion, the maximum occurred slightly earlier in veins than in arteries (statistically nonsignificant) (Table 1) .
Cortical CBF in the region of the window was 86 ± 9 mllIOO g/min and fell by 31 ± 6% below resting within the first minutes of stimulation. At 20 min of stimulation, CBF was very variable and no longer different from resting values (mean 8 ± 14% below resting) ( Table 2) .
ICP reached a minimum of -47 ± 12% below the absolute pre stimulation level of 3.3 ± 0.8 mm Hg within 3 min. Thereafter, a return to the resting value was noted within a further 6 min, followed by a further rise, though to very variable extent (Fig. 2) .
Only small arteries responded promptly to con- tralateral sympathetic stimulation within 1 min; fol lowing a short leveloff at 2 min, constriction con tinued and reached 10 ± 3.6% at 4 min ( Fig. 3 , left). At 9 min of stimulation, calibers had returned to baseline. However, they were again reduced in two steps to reach -7 ± 1.8% at 14 min; there after, the second return to baseline occurred again within 4-5 min, followed by oscillations around baseline with an amplitude of 2-3% and a fre quency of �0.5/min. Minor reaction of the large ar teries remained insignificant throughout, although, with very little exception, the same tendency of re action and its time course could be noted as in the small arteries. On discontinuation of stimulation, the peaks of oscillations even represented signifi cant dilatation. Large veins lacked any significant reaction within the first 5 min (Fig. 3, right ), although the curve shows a first minimum at 4 min as it does in large and small arteries. In two steps, calibers are then reduced to reach a minimum at 15 min of stim ulation as in the small arteries. Small veins showed an initial negative peak at 1 min like the small ar teries; after returning to baseline at �4 min, their calibers are then reduced in two steps so as to reach -6.5 ± 1.4% at 16 min of stimulation. After stop of stimulation, calibers promptly move toward baseline, the small veins more consistently than the large ones.
When considering the maximal response of single-vessel segments (Table 1) , large arteries and veins responded significantly less during contra lateral than during bilateral stimulation. Statistical analysis reveals the slow reaction of veins (Table 1) as already evident from Figs. 1 and 3 .
CBF measurements could be evaluated in only three animals of this group and allow no statistical calculations. Mean values, however, indicate a sim ilarity to average vascular behavior, i.e., wide vari ability without a clear trend ( Table 2) . Constriction of small arteries has thus not induced CBF reduc tion.
ICP showed a similar reaction as during bilateral stimulation, though weaker. The minimum value of -22 ± 6% was reached after 2 min; after 10 min, the resting state was passed and values tended to rise further to some 20% above initial values (Fig. 2) . 
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DISCUSSION
Bilateral stimulation
The present data support the concept that cere bral vessels respond in three steps to longlasting sympathetic stimulation.
(i) Pial vascular constriction during the first 2 min of cervical sympathetic stimulation reflects a re duction in CBF. The present CBF data are consis tent with the literature. Discrepancies have been due mainly to species-dependent differences and methodological problems (Heistad et aI., 1978 (Heistad et aI., , 1982 Purves, 1978; Sercombe et aI., 1979; La combe et aI., 1980) , such as CBF measurements after different time intervals from the start of sym pathetic stimulation. Not only large cerebral ar teries but also small pial arteries and all pial veins are constricted together with a reduction of ICP and cerebral blood volume (CBV) (Amano et aI. , 1983; Auer, 1986) . The extent of pial arterial con striction in the present study is in good accordance with previous reports (Amano et al., 1983; U e matsu et aI. , 1985) . Maximal constriction of pial vessels did not differ between bilateral 20-min stim-80.
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BILAT. SYMPATH. STIM. ulation in the present series and 90-s unilateral ipsi lateral stimulation in an earlier series (Auer and Jo hansson, 1983 ) except for small veins.
(ii) After some 2 min of stimulation, the situation changes: Small pial arteries, CBV (Amano et aI., 1983) , CBF, and ICP slowly return to prestimula tion levels, whereas large pial arteries remain con stricted. This observation supports the view of an "escape phenomenon" (Marcus et aI. , 1979 (Marcus et aI. , , 1982 Sercombe et aI., 1979) and the Harper et al. dual hypothesis (1972) : Large pial arteries, supplied by a dense network of sympathoadrenergic fibers, con sistently constrict during the period of sympathetic stimulation. The smaller arteries downstream with fewer sympathetic nerves, likely to underlie the mechanism of myogenic propagation (Johansson and Ljung, 1968) , are now under lower intravas cular pressure (Baumbach and Heistad, 1983) . As the small arteries commence to redilate, CBF re turns to normal, and so does ICP as a consequence of increasing intravascular volume. Among the pos sible explanations for this phenomenon (Sercombe et aI., 1979) , such as �-adrenergic activation (N ath anson and Glaser, 1979), failure of transmitter supply (Ross, 1971) , interregional redistribution of flow, reduction of myogenic propagation (Johanson and Ljung, 1968) , cholinergic dilatation (Estrada et aI., 1983) , central neurogenic dilatation (Iadecola et aI., 1983; Reis, 1984) , myogenic auto-reg ulation, and metabolic counteraction, the latter two hypotheses can be discussed in view of the present data. The dilatation of small vessels could thus be explained in two ways: (a) The initial fall in CBF leads to the release of chemical factors in ducing dilatation of intraparenchymal arteries. (b) The decreased intraluminal pressure and vessel wall tension in the small vessels downstream of constricted large pial arteries induce smooth muscle cell relaxation and consequently dilatation. The present data are in favor of the second, myo genic, hypothesis as an explanation for the primary mechanism of the escape phenomenon: Small cere bral arteries, no matter whether on the pial surface or intraparenchymally, escape from the initial sym pathoadrenergic constriction. Pial arterial escape is evidenced by direct observation; intraparenchymal artery dilatation becomes apparent from the escape of ICP and CBV (Amano et aI. , 1983; U ematsu et aI. , 1985) . In the case of only metabolically induced dilatation of intraparenchymal arteries as suggested by Uematsu et al. (1985) , small arteries on the pial surface should remain constricted -the present data show the contrary. Moreover, short-lasting re duction of CBF is unlikely to cause intraparen chymal vasodilatation and elevation of ICP even
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-5. above baseline. Finally, the escape phenomenon has been shown in vitro on isolated vessels (G. Ross, 1975) . Whether metabolically induced dilata tion of small intraparenchymal arteries becomes ef fective in addition to the myogenic response can only be suggested from the present data. However, a parallel myogenic and metabolic event would ex plain the escape most easily with the rise of param eters even above baseline; this is assumed from our observation of ICP, which rose slowly above pre stimulation levels despite sympathetic stimulation. It has also been stated that the escape phenom enon is linked to a counteracting mechanism at the axonal level of the adrenergic system (Aubineau et aI. , 1980) ; however, this hypothesis would not ex plain the different behavior of small and large ar teries. The lower density of the intramural sympa thetic network of small arteries is not sufficient ex planation, since cervical sympathetic stimulation initially induces the same degree of constriction of large and small arteries.
I
(iii) A third event after some 5 min induces a dis sociation of vascular behavior. The comparison of the behavior of parameters between min 5 and 10 of stimulation seems to indicate that pial and intra parenchymal small arteries behave differently after the first 5 min of stimulation. If one accepts again the data of ICP as an indirect indication of intra parenchymal vascular volume, then it becomes evi dent that intraparenchymal vessels dilate between min 2 and 5 the same as do the pial vessels. There after, however, they continue to dilate as indicated by the rise of ICP. By contrast, pial vessels, small arteries, and all veins show a second phase of con striction. It could thus be argued that metabolic di latory forces dominate intraparenchymally while the reduction of resistance intraparenchymally in duces a pial myogenic response and allows the J Cereb Blood Flow Metab, Vol. 6, No.3, 1986 neurogenic stimulus to intensify constriction, though more weakly than the initial sympatho adrenergic constriction, At � 10 min, this pial myo genic force is again minimal as at 5 min, and it is again maximal at � 15 min. By contrast, the intra parenchymal vessels show a uniform behavior of probably myogenically and metabolically induced escape. The metabolic hypothesis has been for warded by Gotoh (1986) from their recent data.
The data of the present study thus seem to show that cervical sympathetic stimulation initially in duces vasoconstriction, and consequently a reduc tion of CBF and CBY. This external influence is counteracted by autoregulatory processes; the ce rebral circulation seeks to escape from this external influence and answers with myogenic compensa tory dilatation of all small arteries and additional metabolic dilatation of intraparenchymal arteries. While this compensatory dilatation continues intra parenchymally as long as the large arteries are con stricted owing to sympathetic stimulation, small pial arteries start to show slow oscillations as ex pression of a fight between neurogenic constriction and compensatory myogenic dilatation.
Contralateral stimulation
The ICP curve is similar but flatter than during bilateral stimulation and thus reflects smaller changes of cerebrovascular volume during this uni lateral stimulation. In fact, contralateral stimulation failed to induce a marked early reaction of veins and large arteries; only small arteries showed the typical pattern of early constriction. This observa tion is in agreement with previous work where con tralateral stimulation failed to show a protective ef fect in acute arterial hypertension (Boisvert et aI. , 1977) . Considering the possible pathways by which sympathetic nerve fibers may reach the vessels in the contralateral hemisphere from their initial route along the ipsilateral carotid artery and jugular vein, the following hypothesis is proposed: Sympathetic fibers follow the pial arteries and with them cross the corpus callosum as collateral arteries to the contralateral hemisphere; there, they arrive at the level of small resistance vessels and induce the usual pattern of initial constriction (Fig. 3) . It is likely that only few arteries larger than 100 /--l m are reached. Accordingly, their reaction to contra lateral sympathetic stimulation follows the pattern of small arteries, however, to a very modest de gree. The initial 5% constriction of small arteries occurs in vessels with normal perfusion pressure, because the large arteries remain more or less unreactive. Therefore, constriction of small arteries is not interrupted by compensatory myogenic dila tation and continues down to 10% below baseline. In the later course, there is an increasing variability of individual reaction patterns as seen from the rising standard deviations. Small arteries neverthe less simulate the behavior of small arteries during bilateral stimulation, possibly as a consequence of varying perfusion pressure arriving from the other hemisphere.
Interhemispheric venous cross-flow is un common. Therefore, no fibers arrive from the con tralateral side to induce the typical early constric tion. The minor early variations of caliber rather reflect passively the changes of CBV induced by the small arteries' constriction. The late, slowly de veloping decrease of calibers remains unexplained. The extent as a percentage of baseline suggests an active process.
In conclusion, sympathoadrenergic constriction of cerebral vessels under normal circumstances seems to be a short-lasting protective regulator of cerebral vascular volume. Longer duration pro vokes compensatory mechanisms to counteract the fall of CBF. A myogenic reaction of all small vessels seems to become supported by a metabolic effect on intraparenchymal vessels.
